Because the meibomian gland dysfunction (MGD) is identified as a main cause of the dry eye disease (DED), 1, 2 molecular mechanisms underlying (patho-)physiologic processes of meibomian glands raised increasing interest in eye research. This holocrine, modified type of sebaceous glands within the upper and lower eyelid contributes substantially to the integrity and health of the ocular surface by producing an oily secretion important to stabilize the tear film and prevent its evaporation. Therefore, meibocytes accumulate lipid vesicles on their centripetal passage through the meibomian gland acini before they decompose and get released into the ductal system. 3 With the use of human meibomian gland epithelial cells (HMGECs), it was shown that the serum-induced differentiation promoted the formation of keratin filaments and desmosomes. 4 In an in situ study on human eyelids, the differentiation-dependent distribution pattern of adhesion molecules within meibomian glands was corroborated. Here, meibocytes displayed most desmosomal cadherins, including desmoglein (Dsg), desmocollins, and E-cadherin (Ecad), as the main adhesion molecule of the adherens junction (AJ) but no tight junction components. 5 The clinical relevance of intact intercellular contacts is underscored by diseases such as pemphigus vulgaris (PV) in which autoantibodies are directed against Dsg1 and Dsg3 and cause intraepithelial blistering within the skin and the mucosa as well as DED. 6e9 However, up to now the regulation of intercellular cohesion among meibocytes and the role for (patho-)physiologic processes, such as cell differentiation and maturation or MGD, have not been investigated.
Because MGD received increased interest with regard to DED, an increasing number of models for studying MGD are available, and the number of publications on meibomian glands has increased over the years. However, at the moment, many in vitro studies are confronted with limitations in reflecting the in vivo situation. 4, 10, 11 Moreover, up to now no satisfactory animal model exists that resembles the pathophysiologic aspects of human MGD. 11, 12 Together, this underlines the requirement of new model systems for the investigation of the (patho-)physiology of meibomian glands in a physiologic environment.
In the present study, we investigated the hypothesis that intercellular cohesion correlates with physiologic processes of differentiation and maturation of meibocytes. Using two independent approaches, a stable cell line of human meibocytes as well as a newly established ex vivo slice culture model of human eyelid, we identified Ecad but not desmosomal cadherins as a key player in providing intercellular cohesion, depending on the degree of differentiation. Furthermore, our ex vivo slice culture model of human eyelids may be a promising model system for detailed investigation of (patho-)physiologic processes in meibomian glands and may be suitable for preclinical studies.
Materials and Methods

Cell Culture and Testing Reagents
Cell cultures were prepared and maintained as described before for HMGECs 4 and for HaCaT. 13 Testing reagents were applied for the last 24 hours of each experiment. AK23 was purchased from Biozol (Eching, Germany) and used at 75 mg/mL. Serum of patients with PV was donated by Enno Schmidt (Department of Dermatology, University of Lübeck, Lübeck, Germany) and used with the patient's informed and written consent and with institutional approval of the ethics committee (approval number 07-180). PV was diagnosed by enzyme-linked immunosorbent assay against Dsg1 (activity, 9263 U/mL) and Dsg3 (activity, 18,383 U/mL) and by clinical and histologic phenotype. IgG fractions of patients with PV (PV-IgG) or healthy donors (control-IgG) were purified as described previously. 14, 15 After removal of sodium azide, monoclonal antibody against Ecad (final concentration, 8 mg/mL; SHE78-7, Thermo Fisher Scientific, Waltham, MA), Dsg2 (final concentration: 1 mg/mL; clone 10G11, Progen, Heidelberg, Germany), and Dsg1 (used in a 1/50 dilution; clone p124, Progen) were used for interfering with the respective adhesion molecule.
Preparation of Murine Eyelid Cryosections
Progeny of heterozygous B6; 129X1-Dsg3 tm1Stan /J mice (Jackson Laboratory, Bar Harbor, ME) 16 were genotyped following a well-established protocol. 17, 18 Eyes together with eyelids of adult homozygous Dsg3 þ/þ (wild-type) or Dsg3
À/À (knockout) animals were enucleated, and 7-mm cryosections were prepared as described previously. 19 All animal experiments were approved by the Regierung von Oberbayern (number 55. 
Ex Vivo Human Eyelid Slice Model
Tissue samples of upper eyelids were obtained from three cadavers (two females and one male) of the human body donor program of the Institute of Anatomy and Cell Biology, Ludwig-Maximilians-Universität München, Munich, Germany. For the use of samples in research, body donors gave written informed consent. This study was conducted according to the tenets of the Declaration of Helsinki. Eyelid biopsy specimens were acquired from body donors within 12 to 24 hours post mortem and were free of eye infections or known ocular diseases.
After careful removement of the overlying fat or connective tissue and epidermis, tarsal plates were embedded in 37 C low-melt agarose (Carl Roth, Karlsruhe, Germany) dissolved in serum-containing medium. Immediate curing of agarose was achieved by cooling on ice, and samples were cut in 300-mm slices using a LeicaVT1200S vibratome (Leica Biosystems) and collected in ice-cold medium. Slices were then immediately transferred to the respective cultivation medium supplemented with the indicated testing reagent and cultivated in a constant humidified atmosphere (5% carbon dioxide and 21% oxygen at 37 C) for 24 hours. Tissue viability was ensured by MTT assay 20 before slice samples were mounted in tissue freezing medium (Leica, Mannheim, Germany) and cut in 7-mm section for immunostaining analyses.
Immunostaining
Immunostaining of HMGECs and cryosections were performed as described elsewhere, 5, 21 subjected to the respective primary antibodies anti-Ecad monoclonal antibody (mAb) (clone 36; BD Transduction, Heidelberg, Germany), antiDsg3 polyclonal antibody (Biozol), or anti-Dsg3 mAb (Thermo Fisher Scientific; only used for murine eyelid staining) and the Cy2-labeled secondary antibodies goat antimouse or goat anti-rabbit antibodies (Dianova, Hamburg, Germany) were used. Cell nuclei were stained with DAPI (la Roche, Basel, Switzerland) and lipid accumulation with LipidTox red neutral lipid stain (Thermo Fisher Scientific).
Dispase-Based Dissociation Assay
To quantify intercellular cohesion, HMGECs were grown under the conditions indicated, and dissociation assays were performed as described for keratinocytes. 13, 14 Briefly, ajp.amjpathol.org -The American Journal of Pathology confluent cell monolayers were washed with Hanks' balanced salt solution and incubated with 150 mL of Dispase II (2.4 U/ mL in Hanks' balanced salt solution; both Sigma-Aldrich, St Louis, MO) for 20 minutes at 37 C to detach monolayers from the well bottom. After replacement of Dispase II by 350 mL of Hanks' balanced salt solution, cell monolayers were subjected to a defined mechanical stress by pipetting up and down 10 times using a 1-mL electric pipette (Eppendorf, Hamburg, Germany). Resulting fragments were stained with an MTT dye and counted using a binocular microscope (Leica) at strictly the same magnification.
Protein Extraction and Western Blot Analysis
Protein extraction and Western blot analysis were performed using standard procedures. 22, 23 Blots were probed with primary antibodies against desmoplakin polyclonal antibody and glyceraldehyde-3-phosphate dehydrogenase mAb (Santa Cruz Biotechnology, Dallas, TX); E-cad mAb (clone 36, BD Transduction); plakoglobin mAb, Dsg1 mAb, and Dsg2 mAb (Progen); and Dsg3 polyclonal antibody (Biozol). For protein detection, polyclonal horseradish peroxidaseeconjugated goat anti-rabbit (Cell Signaling, Frankfurt, Germany) or goat anti-mouse (Dianova) IgG antibodies and an ECL reaction system (self-made solutions) were used.
Lipid Quantification
Lipid quantification was conducted with ImageJ version 1.52a (NIH, Bethesda, MD; http://imagej.nih.gov/ij). Therefore, images using RGB color space were transformed into an 8-bit format and inverted. By thresholding, artifacts were eliminated from the images. Within each independent experiment, strictly the same threshold setting was used. In these processed images, black areas represented lipid particles, whereas white areas indicated the background. With ImageJ, the total mean amount as well as the total mean size of lipid droplets were evaluated.
Statistical Analysis
Each experiment was performed at least in duplicate. Images were processed using Adobe Photoshop CS5 (Adobe, Dublin, Ireland). For densitometric measurements, the gel analysis function in ImageJ was used. Statistical analysis was performed using OriginPro 2016, 93G (Origin Lab, Northampton, MA). Significance was assumed when P < 0.05. Data are presented as means AE SEM. Each n represents one independent experiment.
Results
Serum-Induced Differentiation Promotes the Formation of Adhesive Contacts among HMGECs
It was previously reported that in human meibomian glands in situ the presence of intercellular adhesion junctions depends on the degree of cell differentiation. 5 Here, we used the stable cell line HMGEC 10 to further investigate the correlation between cell maturation and the establishment of intercellular cohesion of meibocytes. We initially elaborated the optimal cultivation conditions for our in vitro studies: after cultivation in serum-free proliferation medium to approximately 90% confluence for 4 days, HMGECs were incubated for a short-term (1 day) to a long-term (6 days) period with serum-supplied differentiation medium ( Figure 1A ). Then the intracellular lipid accumulation, which is a well-established indicator of matured meibocytes, 10 was analyzed by LipidTox staining ( Figure 1B ). Before switching to serum-containing medium, only a few lipid droplets were detectable. Serum supply for 1 day and 6 days induced synthesis of lipid vesicles, which was even more increased by adding eicosapentaenoic acid (EPA), an u3 fatty acid important for the in vivo synthesis of human meibum. 24, 25 Evaluation of LipidTox staining revealed that HMGECs cultivated with serum alone displayed nearly the same amount of lipid vesicles for 1 day and 6 days, whereas the additional supply of EPA significantly increased the number of lipid vesicles. In contrast, the size of lipid vesicles was increased significantly by EPA in HMGECs after 1 day but not after 6 days compared with the respective serum-treated controls. Interestingly, the size of lipid vesicles in cells cultured in serum-free medium was comparable to serum-treated controls ( Figure 1C) . To investigate the effect of serum supply on cell-cell cohesion in HMGECs, dispase-based dissociation assays were performed ( Figure 1D ) as used before for different cultured cell types, such as keratinocytes, enterocytes, and cardiomyocytes. 13, 26, 27 HMGECs cultivated in serum-free medium did not form confluent monolayers and disintegrated into single cells on dispase incubation, whereas serum supply for 1 day promoted intercellular cohesion, which was significantly increased after 6 days. After 6 days of treatment with serum or serum and EPA, cells detached as a monolayer from the well bottom. Interestingly, the addition of EPA for 1 day but not for 6 days resulted in a significant loss of cell-cell cohesion. Taken together, seruminduced differentiation of HMGECs is associated with intracellular lipid accumulation and establishment of firm cell-cell cohesion.
Serum-Mediated Differentiation Induces the Expression of Desmosomal Components in HMGECs
Because HMGECs form confluent, adhesive monolayers in response to the switch from serum-free to serumsupplemented medium, we hypothesized that the expression of adhesion molecules is differentiation dependent. In line with our in situ study on meibocytes, 5 HMGECs displayed characteristic expression patterns of certain well-known molecules important for intercellular cohesion on serum-induced differentiation (Figure 2A) . Before switching to serum, protein levels of all desmosomal components but not of Ecad at
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The American Journal of Pathology -ajp.amjpathol.orgdays 1 and 6 as well as of Dsg1 at day 6 were very low. Parallel to enhanced intercellular cohesion, serum supply for 1 day or 6 days increased the protein levels of all analyzed adhesion molecules, whereas addition of EPA reduced significantly the protein amounts of desmoplakin, Dsg3, and plakoglobin after 1 day but not after 6 days. This observation was also supported by immunostaining experiments against Dsg3 and Ecad ( Figure 2B ). HMGECs cultivated in serumfree medium for 1 day or 6 days displayed, albeit weakly after 1 day, membrane Ecad staining, whereas Dsg3 was hardly detectable. Again, the supply of serum or serum and EPA enhanced localization of both Ecad and Dsg3 along cell membranes after 1 day. Interestingly, 6 days of treatment with serum or serum and EPA resulted in increased membrane Dsg3 but not Ecad staining. This finding indicates that in HMGECs both expression and membrane localization of adhesion molecules, such as Ecad and Dsg3, are regulated in a differentiation-dependent manner.
Inhibition of Ecad but Not of Desmosomal Cadherins Drastically Impairs Intercellular Cohesion and Affects Intracellular Lipid Accumulation of HMGECs
To further analyze the correlation between differentiation and the formation of strong adhesive contacts in HMGECs, dispase-based dissociation assays were performed after blocking the interactions of certain adhesion molecules by inhibitory antibodies ( Figure 3A) . Because Dsg3-deficient (Dsg3 knockout) mice not only display a PV phenotype with lesions in the skin 16, 28 but also develop conjunctional blistering, 19 the effect of AK23, a monoclonal pemphigus mouse model antibody against Dsg3, 29 and PV-IgG was first studied with autoantibodies against Dsg1 and Dsg3 from a patient with PV. Surprisingly, and in contrast to previous observations in human and mouse keratinocytes, 13, 14, 17 neither AK23 nor PV-IgG significantly affected intercellular cohesion in HMGECs. The efficiency of AK23 and PV-IgG used in the present study was verified by dissociation assays performed in human keratinocytes (Supplemental Figure S1 ). Similar to AK23 and PV-IgG, purchased antibodies that targeted Dsg1 and Dsg2, which were previously proven to be inhibitory by atomic force microscopy and dissociation assays, 26,30 also had no effect on dispase-based dissociation assays.
However, in line with previous observations in keratinocytes, 23 antibody-mediated inhibition of Ecad binding drastically impaired intercellular cohesion after 1 day. Indeed, HMGECs disintegrated, similar to cells cultivated in serum-free medium, into single cells. Interestingly, after 6 days, HMGECs appeared to be resistant against the Figure 3B ). The confluency of cell monolayers and the linear staining of Ecad or Dsg3 was initially confirmed at cell junctions in controls. In 1-day cultures, antibody-mediated targeting of Ecad resulted in formation of intercellular gaps (arrows), which was not observed after AK23 treatment. In 6-day cultures, no gap formation as well as no effect on Dsg3 or Ecad staining were induced by AK23 or anti-Ecad antibody. Furthermore, we were interested whether cell cohesion regulates lipid production in meibocytes. Quantification of LipidTox staining ( Figure 3C ) revealed that the antibodymediated targeting of Ecad significantly reduced the number of lipid vesicles in HMGECs cultivated with serum or serum and EPA for 1 day compared with controls. Nevertheless, under this condition, an increased amount of lipid vesicle was still inducible by the supply of EPA. In contrast, accumulation of intracellular lipid vesicles was not significantly altered by AK23 treatment compared with the respective controls. Interestingly, in 6-day cultures, antibody-mediated targeting of Ecad but not of Dsg3 reduced the number of vesicles only in HMGECs cultivated with serum and EPA. Together, although HMGECs express both the main adhesion molecules of AJs and desmosomes in differentiation-dependent manner, our findings indicate a central role of Ecad but not of Dsg1 and Dsg3 for intercellular adhesion and lipid synthesis in HMGECs.
Impairment of Ecad but Not of Dsg3 Binding Affects Lipid Accumulation in a Human ex Vivo Eyelid Model
To further substantiate the impact of intercellular cohesion on maturation and differentiation processes and lipid accumulation in meibocytes, a new ex vivo slice culture model of human eyelids was established. Here, human eyelid slices were incubated with either anti-Ecad antibody or AK23 in medium that contained serum or serum and EPA for 1 day. Tissue viability of eyelid biopsy specimens was tested by MTT assay (Supplemental Figure S2A) before cryosections of the cultivated human eyelid slices were stained against Ecad and lipid vesicle were labeled with LipidTox. Lipid staining was quantified as described in Supplemental Figure S2B .
No changes of staining intensity or intracellular distribution of Ecad were detectable under the indicated culture conditions ( Figure 4A ). To rule out unspecific signals, secondary antibody controls were stained in parallel (Supplemental Figure S2C) . In contrast to Ecad staining, LipidTox staining intensity seemed to be modulated, depending on the respective cultivation condition. This observation was further corroborated by quantitative Figure 4B ). Similar to HMGECs, meibomian gland cells of the ex vivo human eyelid slice culture model accumulated significantly more lipid vesicles when cultured in serum and EPA compared with serum alone. Moreover, antibody-mediated Ecad targeting abolished the serum-and EPA-induced increase of lipid staining in the eyelid slice culture model. Interestingly, this incapacity of meibomian gland cells treated with inhibitory anti-Ecad antibody to accumulate lipid vesicles in response to serum and EPA supply was similar to the effects described above for HMGECs after 6 days. Furthermore, AK23-treated meibomian gland cells of our ex vivo human eyelid slice culture model displayed a significantly increased amount of lipid staining after serum and EPA treatment compared with the respective serum condition, which is also in line with cell culture data.
Vice versa, to study whether loss of Dsg3 modulates lipid accumulation in meibomian glands, lipid accumulation in 
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The American Journal of Pathology -ajp.amjpathol.orgeyelid sections of Dsg3 knockout mice was analyzed. Compared with their wild-type littermates, Dsg3 knockout mice did not display any differences in gland morphologic features or in lipid staining ( Figure 4C ). Quantification of lipid staining further confirmed that the loss of Dsg3 did not impair accumulation of lipid vesicles within murine meibomian gland cells ( Figure 4D ).
Discussion
We studied for the first time the regulation of cell cohesion and its interplay with lipid production in meibomian glands. This study provides new evidence that the formation of cellcell contacts as well as the synthesis of lipids are dependent on the degree of differentiation and shows that Ecad rather than adhesion molecules of desmosomes is essential for these physiologic processes in meibocytes. In addition, we established a novel ex vivo model of human eyelids, which confirmed the in vitro data of the present study but also may be a promising approach for further detailed analyses of (patho-)physiologic processes in meibomian glands as well as for identification and testing of MGD-related pharmaceuticals in preclinical studies.
Ecad Is Important for Cell Cohesion and Lipid Production in Meibocytes
Serum-induced stimulation of differentiation-associated processes is well established for many types of epithelial cells 31e33 and in particular for HMGECs. 4, 10 Using this stable cell line of HMGECs, we demonstrated a serummediated induction of intercellular cohesion that increases over time as well as a specific differentiation-dependent expression pattern of adhesion molecules important for strong intercellular contacts. We hypothesized that seruminduced intercellular cohesion of meibocytes was correlated with the increased levels of desmosomal cadherins observed after serum treatment, which would have been in line with our in situ data of human eyelids demonstrating an increased number of desmosomes in matured compared with basal meibocytes. 5 However, based on data from the current study, Ecad was identified as a key player in meibocyte differentiation. Thus, antibody-mediated interference with Ecad but not with Dsg3 resulted in i) morphologic changes, ii) severely impaired intercellular cohesion, and iii) significantly reduced intracellular lipid accumulation of HMGECs after 1 day but not after 6 days of differentiation. In addition, among the investigated adhesion proteins, Ecad was the only molecule in meibocytes expressed not only under differentiation but also under proliferation conditions. Because proliferating HMGECs disintegrated into single cells on mechanical shear stress, Ecad may have additional functions different from providing intercellular cohesion. An active crosstalk between the adhesion molecules of AJs and desmosomes is well established, 34e36 and in keratinocytes, a signaling complex between Dsg3 and Ecad 23 as well as between Dsg2 and Ecad 37 was identified recently to modulate desmosomal assembly and adhesion. On the basis of this finding, it is possible that in HMGECs Ecad serves as a prerequisite for the recruitment of desmosomal cadherins to the cell membrane, thereby facilitating the formation of desmosomes. In addition, our finding that HMGECs cultivated for 6 days but not for 1 day were resistant against mechanical stress after treatment with pathogenic anti-Ecad antibody further supports an important role of Ecad for cell cohesion during early stages of differentiation.
The Human ex Vivo Human Eyelid Model Is Suitable to Study (Patho-)Physiologic Processes in Meibomian Glands
Because the architecture of meibomian gland acini as well as the underlying processes of cell differentiation are highly complex, it is questionable whether the conventional twodimensional cell culture of HMGECs is fully sufficient to study the physiology of meibocytes and the pathomechanisms of MGD. Recent attempts of establishing a suitable in vitro three-dimensional meibomian culture model also faced limitations. 11 Together with the lack of appropriate animal models, 11, 12 we are aware of the urgent requirement of an appropriate model system to study the (patho-)physiology of meibomian glands. Therefore, recently established ex vivo slice culture models were adapted to study cell cohesion in human skin and murine heart 27, 38 and established a novel ex vivo slice culture model of human eyelids. Importantly, meibocytes in our eyelid slice model were viable after 1-day cultivation and showed remarkable similarities to HMGECs after 6-day differentiation. The in vitro as well as the ex vivo approach demonstrated that lipid production was not inducible by the supply of EPA in meibocytes on antibody-mediated interference of Ecad binding. Thus, our ex vivo slice culture model of human eyelids not only confirmed in vitro data of the present study but may also be suitable for detailed analyses of (patho-) physiologic processes of meibocytes in a more physiologic environment in the future.
The Role of MGD for Ocular Involvement in Pemphigus
A deepened understanding of the impact of intercellular cohesion among meibocytes during differentiation and the associated processes is of relevance because an increasing number of case reports also described eye involvement in patients with PV.
39e41 In a broad case study from 2015, Tan et al 7 further identified a high prevalence of DED in patients with PV. Here as well as in the recent in situ study, 5 we demonstrated that meibocytes display a composition of adhesion molecules similar to the epidermis, including Dsg1 and Dsg3 as the primary targets of PV autoantibodies. 42 However, using antibodies against Dsg1 and Dsg3, we demonstrated that in meibocytes neither cell-cell cohesion nor lipid production is regulated by desmosomal adhesion. Given the correlation between DED and pemphigus, our data suggest that ocular involvement in pemphigus is not caused primarily via MGD but rather via direct effects of autoantibodies on human conjunctiva as previously reported. 19 Nevertheless, besides direct impairment of desmosomal adhesion, it is well established that binding of pathogenic PV antibody modulates numerous intercellular signaling pathways (eg, p38 mitogen-activated protein kinase and protein kinase C). 42, 43 Therefore, it cannot currently be ruled out that autoantibodies in pemphigus interfere with signaling pathways required for physiologic processes of meibocytes besides cell adhesion and lipid production. Because ocular pemphigus still remains underdiagnosed 7, 39 and no eye biopsy specimens of patients with PV are available, the novel ex vivo slice culture model of human eyelids may be a promising model for further studies on the signaling pathways involved in PV pathogenesis. Moreover, the model may provide new insights into the role of intercellular cohesion and its regulation, which ultimately may also allow the establishment and testing of new therapeutic approaches for treatment of MGD-associated diseases.
